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Description 



METHOD FOR FABRICATING A NITRIDED 
SILICON-OXIDE GATE DIELECTRIC 

Background of Invention 
[0001] FIELD OF THE INVENTION 

[0002] The present invention relates to the manufacture of semi- 
conductor devices; more specifically, it relates to a 
method of fabricating a nitrided silicon-oxide gate dielec- 
tric. 

[0003] BACKGROUND OF THE INVENTION 

[0004] The trend in integrated circuits is toward higher perfor- 
mance, higher speed and lower cost. Correspondingly, 
device dimensions and element sizes are shrinking and 
gate dielectrics must scale accordingly. As physical gate 
dielectric thickness has decreased, the need for a higher 
dielectric constant and less leaky gate dielectric has 
arisen. In advanced metal oxide semiconductor field effect 
transistors (MOSFETs) silicon oxynitride (SiO N ) layers are 



used as a gate dielectric. I\/I0SFET transistors include a 
channel region formed in a silicon substrate, an N or P 
doped polysilicon gate formed on top of a thin gate di- 
electric layer and aligned over the channel region, and 
source/drain regions formed in the silicon substrate on 
either side of the channel region. 
[0005] However, a problem with SiO N gate dielectrics is thick- 

X y 

ness and nitrogen concentration variation across the 
wafer. Across wafer thickness and nitrogen concentration 
variation of the gate dielectric leads directly to across 
wafer threshold voltage variation, especially in P-channel 
field effect transistors (PFETs), causing variations in per- 
formance of individual integrated circuit chips from the 
same wafer. Therefore, there is a need for a method of 
fabricating a SiO N layer having a relatively uniform 

X y 

across wafer thickness and nitrogen concentration. 
Summary of Invention 

[0006] A first aspect of the present invention is a method of fab- 
ricating a gate dielectric layer, comprising: providing a 
substrate; forming a silicon dioxide layer on a top surface 
of the substrate; performing a plasma nitridation in a re- 
ducing atmosphere to convert the silicon dioxide layer 
into a silicon oxynitride layer. 



[0007] A second aspect of the present invention is a metliod of 
fabricating a l\/IOSFET, comprising: providing a semicon- 
ductor substrate liaving at least a uppermost silicon layer; 
forming a silicon dioxide layer on a top surface of the 
semiconductor substrate; performing a plasma nitridation 
in a reducing atmosphere to convert the silicon dioxide 
layer into a silicon oxynitride layer; forming a polysilicon 
gate on the silicon oxynitride layer aligned over a channel 
region in the semiconductor substrate; and forming 
source/drain regions in the semiconductor substrate, the 
source drain regions aligned to the polysilicon gate. 
Brief Description of Drawings 

[0008] The features of the invention are set forth in the ap- 
pended claims. The invention itself, however, will be best 
understood by reference to the following detailed descrip- 
tion of an illustrative embodiment when read in conjunc- 
tion with the accompanying drawings, wherein: 

[0009] FIGs. 1 through 3 are partial cross-sectional views illus- 
trating fabrication of a nitrided gate dielectric layer ac- 
cording to the present invention; 

[0010] FIGs. 4 and 5 are partial cross-sectional views illustrating 
fabrication of a MOSFET according to the present inven- 
tion; 



[0011] FIG. 6 is a flowchart of the process steps for fabricating a 
dielectric layer and the MOSFET illustrated in FIGs. 1 
through 4 according to the present invention; 

[0012] FIG. 7 is a schematic illustration of a remote plasma sys- 
tem nitridation system for performing a nitridation step 
according to a first embodiment the present invention; 

[0013] FIG. 8 is a chart illustrating the improvement in across 
wafer thickness control of nitrided silicon-oxide gate di- 
electrics according to the present invention; 

[0014] FIG. 9 is a chart illustrating the difference in thickness of 
nitrided silicon dioxide without and without use of a re- 
ducing gas according to the present invention; and 

[0015] FIG. 10 is schematic illustration of a remote plasma sys- 
tem nitridation system for performing a nitridation step 
according to a second embodiment the present invention. 
Detailed Description 

[0016] The term nitrided silicon dioxide refers to a SiO^ layer into 
which nitrogen has been introduced to form a silicon 
oxynitride (SiO N ). The scope of SiO N includes all com- 
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binations of integers x and y (or fractions thereof) at 
which SiO N is stable. A reducing atmosphere is defined 

X y 

as a gaseous atmosphere containing species that react 
with oxygen. 



[0017] piGs. 1 through 3 are partial cross-sectional views illus- 
trating fabrication of a nitrided gate dielectric layer ac- 
cording to the present invention. In FIG. 1 a substrate 100 
having a top surface 105 is provided. Substrate 100 may 
be an intrinsic, N-type or P-type bulk silicon substrate, an 
undoped or an intrinsic, N-type or P-type silicon on insu- 
lator (SOI) substrate or a sapphire substrate or a ruby 
substrate. 

[0018] In FIG. 2, a base SiO^ layer 110 having a thickness Dl is 
formed on top surface 105 of substrate 100. Prior to for- 
mation of base SiO^ layer 110 on surface 105, the surface 
is cleaned by any one of a number of cleaning processes 
well known in the art. For example, surface 105 may be 
cleaned using a buffered hydrofluoric acid (BHF) clean fol- 
lowed by an NH OH clean followed by an HCI clean. If 
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substrate 100 is a bulk silicon substrate or an SOI sub- 
strate, base SiO^ layer 110 may be formed, in a first ex- 
ample, by a thermal oxidation in a furnace in an oxygen- 
containing atmosphere at about 600 to 800°C for about 
0.5 to 30 minutes. In a second example, base SiO^ layer 
110 may be formed by a rapid thermal oxidation (RTO) in 
an oxygen-containing atmosphere at about 800 to 1000 
°C for about 5 to 60 seconds. If substrate 100 is a ruby or 



sapphire substrate, base SiO^ layer 110 may be formed by 
a deposition in a cliemical vapor deposition (CVD) tool 
and dielectric layer may be a tetraethoxysilane (TEOS) ox- 
ide. TEOS may also be used for a bulk silicon or SOI sub- 
strate. TEOS may also be used for bulk silicon or SOI sub- 
strates. In one example, Dl is about 8 to 23 Athick. For 
any substrate, base SiO^ layer 110 may be a native oxide 
allowed to form by exposure of a cleaned silicon surface 
to air or oxygen or base SiO^ layer 110 may be formed by 
an oxidizing cleaning process of a "bare"silicon surface. 
[0019] In FIG. 3, a remote plasma nitridation (RPN) process is 

performed to convert base SiO^ layer 110 (see FIG. 2) to a 
nitrided SiO (SiO N ) layer llOA. The remote plasma ni- 
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tridation process is described below in reference to FIGs. 
6, 7 and 9. SiO N layer llOA has a thickness D2. In one 
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example, D2 is about 8 to 24 A thick. In one example, SiO 
N layer llOA about 2 to 20% nitrogen atoms. In a sec- 
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ond example, the concentration of nitrogen in SiO N 

3 ^ 

layer llOA is between 1E21 and 1E22 atm/cm . An ad- 
vantage of the present invention is that there is little in- 
crease in dielectric thickness of the after nitridation oxide 
compared to thickness of the oxide before nitridation. 
While the amount of thickness increase is a function of the 



before nitridation oxide thickness (Dl), the after nitrida- 
tion oxide tliicl<ness (D2) is generally only increased about 
0 to 5%. 

[0020] FICs. 4 and 5 are partial cross-sectional views illustrating 
fabrication of a MOSFET according to the present inven- 
tion. FIG 4 continues from FIG. 3. In FIG. 4, a polysilicon 
layer 115 is formed on atop surface 120 of SiO N layer 
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llOA. Polysilicon layer 115 may be formed using one of a 
number of deposition processes well known in the art, 
such as low-pressure chemical vapor deposition (LPCVD) 
or rapid thermal chemical vapor deposition (RTCVD). 
Polysilicon layer 115 may be undoped or doped N-type or 
P-type. In one example, polysilicon layer 115 is 1000 to 
2000 Athick. 

[0021] In FIG. 5, polysilicon layer 115 (see FIG. 4) is etched; for 
example, by a reactive ion etch (RIE) processes to form a 
gate 125. Spacers 130 are formed on sidewalls 135 of 
gate 125. Formation of source/drains 140 (typically by 
one or more ion-implantation processes) essentially com- 
pletes fabrication of MOSFET 145, SiO N layer llOA be- 
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ing the gate dielectric of the MOSFET. If polysilicon layer 
115 (see FIG. 4) was not doped during deposition, gate 
125 may be doped N-type or P-type after spacer forma- 



tion by ion implantation in conjunction witli tlie formation 
of source/drains 140 or as a separate step. 

[0022] FIG. 6 is a flowcliart of tlie process steps for fabricating a 
dielectric layer and the MOSFET illustrated in FIGs. 1 
through 5 according to the present invention. A silicon 
substrate will be used as an example. In step 150, the 
surface of the silicon substrate is cleaned by any one of a 
number of cleaning processes well known in the art. In a 
first example, silicon surface 105 may be cleaned using a 
buffered hydrofluoric acid (BHF) clean followed by an NH 
^OH clean followed by an HCI clean. Alternatively, in a 
second example, the silicon surface may be cleaned using 
BHF followed by an 0^ clean, followed by a dry HCI clean. 

[0023] In step 155, a base SiO^ layer is formed, for example, by a 
thermal oxidation in a furnace in an oxygen-containing 
atmosphere at about 600 to 800°C for about 0.5 to 30 
minutes, by a RTO in an oxygen-containing atmosphere at 
about 800 to 1000°C for about 5 to 60 seconds or by ex- 
posing a cleaned silicon surface to air or oxygen.. The 
base SiO^ layer is about 8 to 23 Athick. 

[0024] In step 160 a remote plasma nitridation process is per- 
formed. In a first example, a mixture of nitrogen and an 
inert gas such as helium are introduced into the plasma 



generation port of the remote plasma nitridation tool and 
a reducing gas such as hydrogen or ammonia is intro- 
duced through a second, non plasma generation port 
while the wafer being processed is rotated in the process 
chamber (see FIG. 7). Typical process conditions are nitro- 
gen flow rate of about 1 to 20 sIm (standard liters/ 
minute), helium (or other inert gas) flow rate of about 1 to 
20 sIm, hydrogen (ammonia or other reducing gas) flow 
rate of about 1 to 20 sIm, a chamber pressure of about 
0.2 to 50 Torr, microwave power of 1000 to 3000 watts 
and a wafer temperature of about 25 to 1000°C for about 
20 to 500 seconds. 
[0025] In a second example, a mixture of nitrogen, an inert gas 
such as helium and a reducing gas such as hydrogen or 
ammonia are introduced into the plasma generation port 
of the remote plasma nitridation tool while the wafer be- 
ing processed is rotated in the process chamber (see 
FIG. 10). Typical process conditions are nitrogen flow rate 
of about 1 to 20 sIm, helium (or other inert gas) flow rate 
of about 1 to 20 sIm, hydrogen flow rate of about 1 to 20 
sIm, a chamber pressure of about 0.2 to 50 Torr, mi- 
crowave power of 1000 to 3000 watts and a wafer tem- 
perature of about 25 to 1000°C for about 20 to 500 sec- 



onds. 

[0026] In both examples, the nitrogen dose is about 1E14 to 

5E15 atom/cm2 and the completed SiO N layer contains 
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about 2 to 20% nitrogen. 

[0027] In step 165, an optional anneal step is performed. Gener- 
ally annealing is not required since the remote plasma ni- 
tridation is done on hot wafers. Either a standard rapid 
thermal anneal (RTA) or a spike RTA may be performed. A 
spike anneal is used to increase the mobility without driv- 
ing the nitrogen to the SiO^/Si interface. A spike anneal is 
defined as an anneal where the time the wafer is at a 
maximum wafer temperature is about 60 seconds or less 
while a standard RTA is defined as an anneal where the 
time the wafer is at a maximum wafer temperature is 
greater than about 60 seconds. 

[0028] The following steps use the nitrided SiO^ dielectric as a 
gate dielectric for a MOSFET. 

[0029] In step 170, a polysilicon layer is formed over the nitrided 
SiO^ using one of a number of deposition processes well 
known in the art, such as LPCVD or RTCVD. The polysili- 
con layer may be undoped or doped N-type of P-type. In 
one example, the polysilicon layer is 1000 to 2000 Athick. 

[0030] In step 175, the MOSFET is essentially completed. The 



polysilicon layer is etched; for example, by a RIE processes 
to form a gate, spacers are formed on sidewalls of the 
gate and source/drains are formed in the substrate on ei- 
ther side of the gate (typically by one or more ion- 
implantation processes). The SiO N layer is the gate di- 
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electric of the MOSFET. If the polysilicon layer was not 
doped during deposition, the gate may be doped N-type 
or P-type after spacer formation by ion implantation in 
conjunction with the formation of the source/drains or as 
a separate step. 

[0031] FIG. 7 is a schematic illustration of a remote plasma sys- 
tem nitridation system for performing a nitridation step 
according to a first embodiment the present invention. In 
FIG. 7, remote plasma tool 180 includes a chamber 185 
and a rotatable wafer chuck 190 (for holding a wafer 195) 
within the chamber. Microwave coils 200 for supplying 
energy to initiate and sustain a plasma 205 surround a 
first inlet port 210A in sidewall 215 of chamber 185. 
Gases (in the present example a helium/nitrogen mixture) 
for generating plasma 205 are supplied through port 
210A. A reducing gas (in the present example, hydrogen) 
is supplied through a second inlet port 210B. Other re- 
ducing gases include ammonia, a mixture of hydrogen 



and nitrogen, a mixture of ammonia and nitrogen and a 
mixture of liydrogen, ammonia and nitrogen, deuterium, 
deuterated ammonia, a mixture of deuterium and nitro- 
gen, a mixture of deuterated ammonia and nitrogen, a 
mixture of deuterium, deuterated ammonia and nitrogen, 
and a mixture of deuterium, ammonia and nitrogen. An 
exhaust port 220 connected to a vacuum pump (not 
shown), also in sidewall 215 of chamber 185 removes 
spent species and maintains processing pressure. Exhaust 
port 220 and first inlet port 210A are positioned on dia- 
metrically opposite sides of chamber 185 and second inlet 
port 210B is positioned between the first inlet port and 
the exhaust port. 
[0032] In use, wafer 195 having a base SiO^ layer (not shown) on 
a top surface 230 of the wafer is placed into chamber 185 
from a transfer chamber (not shown) and rotated, a pre- 
selected nitridation gas mixture (in the present example, 
He/N^ at a pre-selected flow rate is introduced into the 
chamber via first inlet 210A, a pre-selected reducing gas 
mixture (in the present example, or NH^ at a pre- 
selected flow rate is introduced into the chamber via sec- 
ond inlet B and the chamber maintained at a pre-selected 
pressure via the vacuum pump attached to exhaust port 



220. A pre-selected wattage of microwave power is im- 
pressed on microwave coils 200 to energize and maintain 
plasma 205. After a pre-selected time, the microwave 
power is turned off extinguishing plasma 205, the gas 
flows are turned off and chamber 185 is brought up to 
transfer chamber pressure. Plasma 205 is predominantly a 
nitrogen ion, helium ion, hydrogen neutral plasma. 

[0033] One example of a suitable tool for practicing the present 
invention is an AMAT model XE12 chamber manufactured 
by Applied Materials Corp, Santa Clara, CA with a decou- 
pled plasma unit also supplied by Applied Materials Corp. 

[0034] FIG. 8 is a chart illustrating the improvement in across 
wafer thickness control of nitrided silicon-oxide gate di- 
electrics according to the present invention. FIG. 8 plots 
the thickness of a post RPN silicon oxide film as a function 
of distance from the center of a wafer for two nitrided sili- 
con dioxide films of equal mean thickness. Measurements 
were performed using an ellipsometer. Curve 225 is a SiO 
N layer processed as described supra, but without any 
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reducing gas flow. The mean thickness of the SiO N layer 
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of curve 225 is 17.9 A with a sigma of 0.97. Curve 230 is 
a SiO N layer processed as described supra, but with a 
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reducing gas flow. The mean thickness of the SiO N layer 



of curve 230 is 18.0 A with a sigma of 0.50. Tlius, intro- 
duction of a reducing species results in about a twofold 
increase in thickness uniformity. 
[0035] Secondary ion mass spectrometry (SIMS) profiles of the 
layer 225 and 230 indicate improvements in nitrogen 
concentration uniformity tracks very well with improve- 
ment in SiO N thickness, uniformity as seen by TABLE I. 

X y 

Note there is a one to one correspondence between nitro- 
gen dose and concentration. 

[0036] 

TABLE I 

WAFER PROCESS Nitrogen Dose Nitrogen Dose Delta 

Wafer Center Wafer Edge 

Wafer A RPNW/0H2 4.8E14 atm/cm^ 7.3E14 atm/cm^ 52% 

Wafer B RPNwHz 2.0E1 4 atm/cm^ 2.5E1 4 atm/cm^ 25% 

Wafer C RPNwHa 4.3E 14 atm/cm^ 5.2 E14 atm/cm^ 21% 



[0037] In table I, nitrogen concentration varies by over 50% from 
center to edge in a wafer processed by remote plasma ni- 
tridation without a reducing gas present in the chamber. 
In two examples of a wafer processed by remote plasma 
nitridation with a reducing gas present in the chamber ni- 
trogen concentration varies by not more than 25% from 
center to edge in a wafer. 



[0038] Thus, both the SiO N thickness uniformity and nitrogen 
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concentration uniformity improve by factors of about two. 
[0039] FIG. 9 is a chart illustrating the difference in thickness of 
nitrided silicon dioxide without use of a reducing gas ac- 
cording to the present invention. Another problem of an 
RPN process performed without the use of a reducing gas 
as described supra, is an unacceptable increase in dielec- 
tric thickness as expressed as the difference between the 
base SiO layer and the finished SiO N layer. Introduction 
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of a reducing gas into the RPN chamber greatly reduces 
this thickness increase as FIG. 9 shows. FIG. 9 plots the 
thickness of a native oxide (curve 235), a post RPN native 
oxide film processed without reducing gas (curve 240) 
and a post RPN native oxide film processed with reducing 
gas (curve 245) as functions of distance from the center of 
a wafer. Measurements were performed using an ellip- 
someter. Curve 240 is a SiO N layer made from a native 
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oxide layer about 10 Athick processed as described supra, 
but without any reducing gas flow. The mean thickness of 
the SiO N layer of curve 240 is about 25 to 27.5 A. Curve 
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245 is a SiO N layer processed as described supra, but 
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with a reducing gas flow. The mean thickness of curve 
245 is about 13 to 13.5 A. Thus, introduction of a reduc- 



ing species dramatically reduces dielectric layer thickness 
increase during RPN processes. Thickness increase is lim- 
ited to about 35%. In some cases thickness increase can 
approach zero. 

[0040] FIG. 10 is schematic illustration of a remote plasma sys- 
tem nitridation system for performing a nitridation step 
according to a second embodiment the present invention. 
FIG. 10 is similar to FIG. 7 except for the facts that no gas 
is supplied by second inlet port 210B and all gases 
(nitrogen, helium and hydrogen) are supplied through first 
inlet port 210A. Plasma 205 is predominantly a nitrogen 
ion, helium ion, hydrogen ion plasma. 

[0041] Thus, the need for a method of fabricating a SiO N layer 
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having a relatively uniform across wafer thickness has 
been satisfied by the present invention. 
[0042] The description of the embodiments of the present inven- 
tion is given above for the understanding of the present 
invention. It will be understood that the invention is not 
limited to the particular embodiments described herein, 
but is capable of various modifications, rearrangements 
and substitutions as will now become apparent to those 
skilled in the art without departing from the scope of the 
invention. Therefore, it is intended that the following 



claims cover all such modifications and changes as fall 
within the true spirit and scope of the invention. 



